Peristalsis enables transport of the food bolus in the gut. Here, I show by dynamic ex-vivo intra-cellular calcium imaging on living embryonic gut transverse sections that the most primitive form of peristalsis that occurs in the embryo is the result of inter-cellular, gapjunction dependent calcium waves that propagate in the circular smooth muscle layer. I show that the embryonic gut is an intrinsically mechanosensitive organ, as the slightest externally applied mechanical stimulus triggers contractile waves. This dynamic response is an embryonic precursor of the "law of the intestine" (peristaltic reflex). I show how characteristic features of early peristalsis such as counterpropagating wave annihilation, mechanosensitivity and nucleation after wounding all result from known properties of calcium waves. I finally demonstrate that inter-cellular mechanical tension does not play a role in the propagation mechanism of gut contractile waves, unlike what has been recently shown for the embryonic heartbeat. Calcium waves are an ubiquitous dynamic signaling mechanism in biology: here I show that they are the foundation of digestive movements in the developing embryo.
Introduction
The intestine is a peristaltic pump: smooth muscle located in the gut wall constricts and the propagation of this constriction along the gut tube pushes the food bolus forward. By actively replenishing the nutrient source required for growth, peristalsis enabled pluricellular organisms to grow beyond the size limit imposed by diffusive food transport. Peristalsis is most clearly evidenced in the gastrointestinal tract, but is also central to uterine fluid-, sperm-, urine-, and even blood-flow in some animals. Motility in the adult gut is a complex phenomenon featuring several different patterns of movement (1) and controlled by two cell networks, the enteric nervous system (ENS) and the interstitial cells of Cajal (ICC). The ENS presents a great variety of neuronal cell types (excitatory, inhibitory, mechanosensitive etc.) that communicate with the help of more than 35 different neurotransmitters (2) .
In recent years, a few groups involved in the budding and exciting research field of developmental physiology have highlighted how peristalsis movements emerge during embryonic development.
Using different animal models (chicken (3), mouse (4, 5) , zebrafish(6)), they have all shown that, unlike adult peristalsis, the earliest detectable motility patterns in an embryo are purely myogenic (muscular), they involve neither neurons nor ICCs. We have recently released a comprehensive description (3) of peristalsis wave propagation patterns in the chicken embryo and of their main phenomenological physical characteristics (see VideoS1): wave nucleation sites give rise to two waves traveling in opposite directions at a constant speed in the range ~10-50 µm/s; when two oppositely traveling waves meet, they annihilate;
waves are calcium-dependent, as they vanish in calcium-free medium and are affected by calcium channel blockers (cobalt chloride); waves propel luminal content at least as from E10 in chick (E17.5 in mice (7) ), because green bile is present in the lumen along the entire midgut as from this age. Because of its simple geometry (a tube) and because only one celltype is involved (smooth muscle), the embryonic gut In contrast, the localization of the propagating calcium wave coincided with the α-actin positive circular smooth muscle ring ( Fig.1b&c, VideoS4 ). I devised a plugin that tracks the position of a cell in the slice during the contraction, and reads out the fluorescence intensity in a small region in its immediate vicinity ( Fig.1d , Materials & Methods). In the majority of cases (n=13 out of 22 cells analyzed from n=3 samples from n=3 embryos), the displacement peak coincided with the fluorescence increase (single-spike, Fig.1d left) . In some rarer cases (n=6/22), two distinct calcium spikes ( Fig.1d , middle) occurred for a single contraction event. I also observed subthreshold calcium spikes (n=4/22), i.e. fluorescence fluctuations that were not accompanied by a contraction (Fig.1d samples). 500 µM heptanol completely abolished motility in all samples (5/5) . The effects of enoxolone at stage E9 (n=5, Fig.S3 ) were identical to those at E7 ( Fig.1a,c) . Importantly, the effects of enoxolone were reversible, i.e., motility was recovered after the drug was washed away (n=6, Fig.S4 ). This shows that the abolition of gut motility at 100 µM enoxolone was not the result of drug toxicity at these concentrations, but was due to gap junction inhibition.
The early embryonic gut is mechanosensitive.
Pressure can induce contractions in the adult gut (9) .
To examine the response of embryonic guts to mechanical stimulation, I used a thin, pulled Pasteur pipette with a glass bead formed at the tip ( 
Signaling by intercellular mechanical tension is not required for contractile wave propagation. I have
shown that the gut is sensitive to minute mechanical stimulation. It is therefore reasonable to hypothesize that the tensile forces generated by locally contracting cells may be felt by neighboring cells that, in turn, contract. This elementary propagation mechanism has recently been shown to direct contractile waves in the embryonic heart (8) (Fig.4b motiligram, VideoS10, n=5) . After ~10 min the gut came back to a normal propagation pattern and waves traveling towards the cut in one segment could propagate through the flap of cells to the other gut segment (Fig.4c, n=5) . The velocity of the wave remained constant as it traveled through the flap of cells (Fig.4c, bottom ). I found that ~5 min after application, collagenase led to a near doubling (+80%) of the contraction frequency ( Fig.4d ). The average speed of the waves (Fig.4d bottom) before and after collagenase application was respectively 20.1 ± 1.8 µm/s (n=6) and 28.3 ± 2.7 µm/s (n=6)), i.e. collagenase induced a ~40% wave velocity increase.
I finally tested the influence of applying a longitudinal stress on contractile wave propagation. Changing the longitudinal pre-stress of muscle fibers could alter the propagation speed of contractile waves, much like increasing the tension of a violin string increases the velocity of deflection waves. Applying pressure has recently been shown to increase the frequency of smooth muscle contraction in the embryonic mouse lung (11) . I applied tensile force by stretching the gut with a thin glass cantilever (12) (Fig.5a ). Contractile wave frequency and speed of propagation in the jejunum were recorded for 10 min without strain, and then at 3-4 different, increasing strain values, for n=5
guts. I found that stretching in the strain range 0-50% (corresponding to a stress ~ 0-500 Pa) affected neither wave velocity nor wave generation frequency (Fig.5b ).
In some instances I observed contractile wave generation upon strain application, consistent with the mechanosensitive properties of the gut described above.
Embedding in gel ( Fig.4a ) or cutting (Fig.4b,c ) did not prevent contractile wave propagation. In these experiments, I cannot exclude that some mechanical tension is still communicated from cell-to-cell, either by cells located in the gut interior (gel experiment) or through the cells located in the flap (cutting experiment). Wave velocity was however unaffected in either experiment, even though the mechanical properties of the medium in which the waves propagate were significantly modified. Modifying the longitudinal tensile pre-stress of muscle fibers did not affect longitudinal wave propagation speed or frequency (Fig.5 ). This suggests that mechanical cues do not play a central role in the propagation mechanism of early gut contractile waves. This conclusion is further supported by the fact that softening of the gut by collagenase led to an increase in wave velocity (Fig.4d) , contrary to what is predicted by mechanical models of wave propagation in biological tissues (8) 
Discussion
We previously reported that a calcium channel blocker (CoCl 2 ) inhibits gut motility in the embryo, and that embryonic motility vanishes in calcium deprived medium (3); these observations are consistent with the idea that calcium activity underpins early embryonic gut contractility. The shape of the calcium spikes I measured (sharp up-rise followed by a slower decay, Fig.1d,e ) is typical of calcium spikes in smooth muscle (13, 14) . 
) calcium waves . The fact that the circumferential (along the fiber axis) propagation speed is higher than the longitudinal (perpendicular to the fiber axis) speed (Fig.1f) is consistent with previous measurements on adult gut (20) . 
3°) Wounding leads to the nucleation of numerous
contractile waves at the injury site (Fig.4b) . It is known that calcium waves are emitted after wounding of epithelia (22) or whole organisms (23) . The calcium up-rise is probably due to influx from the extracellular medium due to disruption of membrane integrity after wounding (24, 25) , and has been shown to orchestrate wound healing (23, 26) . (Fig.1b,c) , which could have obscured readout of the calcium activity in these cells. However, in ganglia where the signal was not saturated (e.g. ganglia The fact that gap-junctional communication is required for contractile wave propagation/generation is consistent with previous work on Ca 2+ communication in smooth muscle cell cultures (14, 32) and adult gut motility (33) . Other small molecules that diffuse through gap-junctions, like ATP, may play a role in the propagation of the calcium wave (31, 34) . 
Materials & Methods

Specimen preparation & Ethics statement.
Fertilized chicken eggs (EARL Morizeau, France)
were incubated from 6 to 9 days in a humidified 37.5°C chamber. The gut (hindgut to duodenum) was dissected out of the embryo and the mesentery was Fig.1d ). 
Immunohistochemistry
Mechanical Manipulations of the Embryonic Gut.
To block displacement of the gut wall, a drop of agarose type VII 4% w/w was placed with a thin syringe needle on a portion of midgut lying on an Anodisc membrane and allowed to solidify at RT for ~5 min. Exact position of the agarose-embedded segment could be visualized by phase-contrast imaging of the sample prior to time-lapse imaging. Precision cuts of the GI tract were realized with a surgical microscissor (Euronexia). Longitudinal stress/strain was applied to the gut as previously described (12) , in DMEM at 37°C.
